Identifying how physiological responses are structured across environmental gradients is critical to understanding in what manner ecological factors determine tree performance. Here, we investigated the spatiotemporal patterns of signal strength of carbon isotope discrimination (Δ 13 C) and oxygen isotope composition (δ 18 O) for three deciduous oaks (Quercus faginea (Lam.), Q. humilis Mill. and Q. petraea (Matt.) Liebl.) and one evergreen oak (Q. ilex L.) co-occurring in Mediterranean forests along an aridity gradient. We hypothesized that contrasting strategies in response to drought would lead to differential climate sensitivities between functional groups. Such differential sensitivities could result in a contrasting imprint on stable isotopes, depending on whether the spatial or temporal organization of tree-ring signals was analysed. To test these hypotheses, we proposed a mixed modelling framework to group isotopic records into potentially homogeneous subsets according to taxonomic or geographical criteria. To this end, carbon and oxygen isotopes were modelled through different variancecovariance structures for the variability among years (at the temporal level) or sites (at the spatial level). Signal-strength parameters were estimated from the outcome of selected models. We found striking differences between deciduous and evergreen oaks in the organization of their temporal and spatial signals. Therefore, the relationships with climate were examined independently for each functional group. While Q. ilex exhibited a large spatial dependence of isotopic signals on the temperature regime, deciduous oaks showed a greater dependence on precipitation, confirming their higher susceptibility to drought. Such contrasting responses to drought among oak types were also observed at the temporal level (interannual variability), with stronger associations with growing-season water availability in deciduous oaks. Thus, our results indicate that Mediterranean deciduous and evergreen oaks constitute two clearly differentiated functional groups in terms of their carbon and water economies, despite co-existing in a wide range of environments. In contrast, deciduous oaks form a rather homogeneous group in terms of climate sensitivity.
Introduction
Oak species occurring in the Mediterranean are adapted to varying degrees to a double climatic stress, drought in summer and cold in winter (Mitrakos 1980 , Terradas and Savé 1992 , Larcher 2000 . Representatives of three contrasting Mediterranean basin (Barbero et al. 1992) . It grows often in co-existence with winter deciduous oaks in a wide range of climates and soils: from Mediterranean-continental environments, together with Quercus faginea (Lam.) (Mediavilla and Escudero 2010) , to the sub-Mediterranean stages, where it can form mixed forests with Quercus humilis Mill. (syn. Quercus pubescens Willd.) and Quercus petraea (Matt.) Liebl. (Sánchez de Dios et al. 2009 ). The nemoro-Mediterranean Q. faginea is a relatively drought-tolerant species widely distributed in the Iberian Peninsula and North Africa, preferentially on basic soils (Loidi and Herrera 1990, Mediavilla and Escudero 2010) . The nemoro-Mediterranean Q. humilis and the nemoral Eurosiberian Q. petraea are mainly found throughout eastern and central Europe, reaching their south-western range limit in the north of the Iberian Peninsula. However, Q. petraea is rather sensitive to water shortage, while Q. humilis may grow under drier conditions, being often found in sub-Mediterranean environments (see, e.g., Epron and Dreyer 1990, Arend et al. 2011) . These three deciduous oaks partially overlap along a gradient of increasing humidity in north-eastern Spain, with Q. faginea inhabiting the driest, continental areas, followed successively by Q. humilis and Q. petraea, which occupy the wettest zones. In turn, they co-exist with Q. ilex along the entire humidity gradient.
Mediterranean deciduous and evergreen oaks differ considerably in ecophysiological properties, which determine their ability to cope with climatic stressors and, ultimately, define their distribution ranges and ecological fitness (Sánchez de Dios et al. 2009 ). Evergreen oaks usually show, among other properties, an extended vegetative period (Damesin et al. 1997) , sclerophylly (Richards and Lamont 1996) , higher turgor pressure (Corcuera et al. 2002) , lower hydraulic conductance (Tognetti et al. 1998 ), higher stomatal limitation to photosynthesis (Juárez-López et al. 2008 ) and lower susceptibility to photoinhibition (Epron and Dreyer 1990 ) compared with deciduous oaks, which favour Q. ilex in dry years. Besides, deciduous oaks also differ in several features related to water and carbon economies, which help to explain their different distribution. For instance, the nemoral Q. petraea tends to maintain turgor pressure at the expense of more water losses than the nemoro-Mediterranean Q. f aginea and Q. humilis, hence performing worse under drought (Corcuera et al. 2002) .
The dendrochronological archive of carbon and oxygen stable isotopes simultaneously tracks the balance between assimilation rate and stomatal conductance (or intrinsic wateruse efficiency; Farquhar and Richards 1984) . In turn, it provides indirectly environmental information relevant to plant functioning with varying temporal resolution. The rising interest in the spatial and temporal dependence of climate processes has resulted in an explosion of tree-ring isotope networks worldwide (Treydte et al. 2007 , Gagen et al. 2008 , Leavitt et al. 2010 , Saurer et al. 2012 ). Although it is not yet well understood to what degree carbon or oxygen isotope signals of tree rings vary under different climate conditions, there are indications that combining records from different species and sites may enhance the potential of isotope studies for inferring environmental drivers of tree performance (Saurer et al. 2008 , Li et al. 2011 . On the other hand, this potential is likely to be counterbalanced, to a variable extent, by differences in ecophysiological properties among species. For example, contrasting physiological responses between co-existing oaks in the Mediterranean region (e.g., Tognetti et al. 1998 , Corcuera et al. 2002 may cause a differential reaction to environmental conditions that could imprint on the stable isotope signal of tree rings. When facing this issue, the problem of disentangling the spatial and temporal patterns of tree-ring signals needs to be confronted. Indeed, the environmental drivers of changes in stable isotopes may not necessarily coincide at the temporal (e.g., interannual fluctuations) and spatial (e.g., intersite variability) levels. Very few studies have attempted to address this question (e.g., Treydte et al. 2007 ).
The conventional approach of investigating the magnitude of common information shared by tree-ring records relies on the application of classical analysis of variance (ANOVA) principles (Fritts 1976 , Wigley et al. 1984 . For this purpose, a two-stage hierarchical scheme of analysis is commonly used in which several trees are first sampled at the stand level. Then, the trees are averaged into an annually resolved chronology, with a set of chronologies for a particular region being subsequently analysed (e.g., Hemming et al. 1998 , Saurer et al. 2008 ). However, the underlying statistical model is of the mixed type because it may include several effects representing different random sources of variation, e.g., those associated with measurements repeated in time (Jennrich and Schluchter 1986) . Quite surprisingly, the use of mixed models in dendrochronology does not seem to have reached the level it warrants (but see, e.g., Martínez-Vilalta et al. 2008 , Lapointe-Garant et al. 2010 , Linares and Tiscar 2011 . The primary reasons may be twofold: first, they are computationally demanding, being beyond reach until recently; second, the presentation of the methodology in specialized manuals is often biased towards the theoretical side, which makes mixed models challenging for a wide audience.
Often, it may be of interest to stratify a set of chronologies into potentially more homogeneous subsets (e.g., McCarroll and Pawellek 2001) . By applying different grouping criteria, stratification may allow unveiling of factors responsible for enhanced common signal strength (or temporal coherence) among chronologies. These factors may be related to the taxonomic affiliation of chronologies or to their assignment to particular sites or regions, among others. The adopted grouping strategy may be readily embedded in a mixed-model framework, where time is a random factor and chronologies (and their grouping) are fixed. A variant of this approach arises if emphasis is placed on the spatial interpretation of the signal strength stored in a set of trees (e.g., for variability between sites across years) rather than at the temporal (e.g., for variability between years) level (or spatial coherence).
At the temporal level, the interest lies in interpreting common temporal information stored in tree-ring chronologies; at the spatial level, the aim is the exploration of the spatial variability in tree-ring signals (e.g., Leavitt et al. 2007 , del Castillo et al. 2013 . In this last case, it may be more informative to group individual tree records (e.g., pooled rings representing a number of years) according to taxonomic criteria in a similar way than to group chronologies. A fundamental advantage of mixed modelling is that all available data are used when assigning chronologies (at the temporal level) or tree records (at the spatial level) to groups, thus allowing for the quantification of common signals at the intra-and intergroup classes.
This study aimed at interpreting the variability and common signal strength of stable carbon and oxygen isotope ratios in tree rings for deciduous and evergreen Quercus species co-occurring in mixed Mediterranean forests. Here, we hypothesized that contrasting strategies in response to drought in Mediterranean evergreen (Q. ilex), nemoro-Mediterranean deciduous (Q. faginea and Q. humilis) and nemoral deciduous (Q. petraea) oaks would lead to a differential sensitivity to changes in water availability, and that this could be tracked by means of carbon and oxygen isotope analysis in tree rings. In turn, such differential sensitivity could imprint on stable isotopes in a contrasting manner, depending on whether the spatial or temporal organization of tree-ring signals was analysed.
To test these hypotheses, we compared the responses of these species using a tree-ring isotope network consisting of 24 sites (21 new and three already published) scattered across an aridity gradient in the north-eastern Iberian Peninsula covering an area of ~25,000 km 2 . For some sites, annually resolved chronologies for stable isotopes were available, which allowed investigation of how temporal signals were structured according to taxonomic or geographical criteria for grouping chronologies and which climate drivers were involved in the observed responses. Alternatively, sites where the evergreen Q. ilex co-existed with deciduous oaks were investigated to identify potentially contrasting spatial signals between functional types and their driving climate factors across an aridity gradient in the Mediterranean. To this end, we proposed a new conceptual framework by which the patterns of tree-ring signals were investigated through mixed modelling.
Materials and methods

Study area and sampling strategy
The study was conducted in natural mixed-oak (Quercus spp.) forest stands located in the north-eastern Iberian Peninsula, western Mediterranean basin, between latitudes 41°11′N and 42°25′N and longitudes 0°39′E and 2°45′E (Figure 1 ). Different combinations of one deciduous (either Q. faginea, Q. humilis or Q. petraea) and one evergreen (Q. ilex) oak species were present at each site, except for three sites (named Banyoles) in which either a single species or two deciduous co-occurring species were available (Table 1) .
The study area is characterized by a complex topography and the interaction of African subtropical, North Atlantic and Mixed modelling of isotope signals in dendroecology 821 Figure 1 . Study area (a) and geographical distribution of sampling sites (b). For reference, a contour map of the main bioclimatic regions in the studied area according to the UNESCO aridity index (total precipitation/Penman-Monteith evapotranspirative demand) is presented. Site numbering is according to Table 1 . Asterisks identify sampling sites with availability of annually resolved chronologies for analysis at the temporal level. Mediterranean climate systems (Rodó et al. 1997) , with cold wet winters and a period of summer drought that occurs every year. The mean annual precipitation varies from 498 to 998 mm among the study sites ( (Rivas-Martínez 1982) .
For each of the three deciduous species (Q. faginea, Q. humilis and Q. petraea), seven sites were chosen in which the deciduous oak was found co-occurring with the evergreen holm oak (Q. ilex; Table 1 ). Mean values of altitude, temperature and precipitation for the sampling sites of each deciduous species in combination with Q. ilex were 608 m above sea level (a.s.l.), 12.4 °C and 574 mm for Q. faginea, 411 m a.s.l., 13.6 °C and 669 mm for Q. humilis, and 748 m a.s.l., 11.5 °C and 801 mm for Q. petraea. The selection preserved the original range of variation in thermal and precipitation regimes for each species, while avoiding a strong dependence between both bioclimatic indicators for the complete set of sites (correlation between mean annual precipitation and average annual temperature, r = 0.36; P = 0.11). In this way, we aimed at reducing potential confounding effects in the interpretation of climate-driven variability in the studied traits.
For each species combination, five nearest-neighbour pairs of mature, dominant and healthy trees of a similar size (one deciduous and one evergreen), growing within a radius of 4 m and far from water sources other than precipitation (e.g., springs, gullies, ravines, etc.), were selected at each site. As a result, 35 trees of each deciduous oak (Q. faginea, Q. humilis and Q. petraea) and 105 Q. ilex trees were sampled in May-July 2009 (diameters at breast height of 22.0 ± 3.5, 22.6 ± 6.2, 21.0 ± 3.8 and 21.4 ± 4.7 cm, respectively; mean ± standard deviation (SD)). Two cores were taken from the south side of each tree. One core was used for tree-ring dating and the other for subsequent isotope analyses. This sampling scheme was employed to identify potentially contrasting spatial signals in stable isotopes between deciduous and evergreen oaks. The exploration of spatial patterns in stable isotopes was investigated using 20-year pooled tree-ring samples spanning the period 1989-2008 (see the next sections).
In addition, the temporal variability in stable isotopes was explored through annually resolved chronologies in three selected sites representing every species combination (one of the deciduous oak species co-occurring with the evergreen Q. ilex), from which additional cores of five trees per species were taken in April 2010. These sites were representative of the average precipitation and temperature conditions in which the above-mentioned tree species combinations were found along the ecological transect. They were complemented by data compiled from a previous study (Aguilera et al. 2011) in which co-occurring Q. humilis and Q. petraea trees were sampled near Banyoles lake, NE Spain (42°07′N, 2°45′E) in May 2006. In this study, three sites were chosen following an altitudinal gradient, and the criteria for tree selection and the sampling protocol were the same as specified above. However, for the highest elevation site (423 m a.s.l.), only Q. humilis individuals were available, while at the medium (310 m a.s.l.) and low (231 m a.s.l.) elevation sites, only two and four trees of Q. petraea, respectively, were found having the required features. As a result, a total of 15 trees of Q. humilis and six trees of Q. petraea, with mean diameters at breast height of 19.8 ± 2.9 and 19.1 ± 2.9 cm, respectively, were sampled. Altogether, a set of 24 sampling sites were used to investigate the spatiotemporal patterns of variability in stable isotopes, with the following representation of species (Table 1) : Q. faginea (seven sites), Q. humilis (10 sites), Q. ilex (21 sites) and Q. petraea (nine sites).
Sample preparation and tree-ring dating All samples were oven-dried at 60 °C for 48 h and one core per tree was sanded with sandpapers of progressively finer grain until tree rings were clearly visible. The remaining core of every tree was kept intact for isotope analyses. Tree rings were visually cross-dated using a binocular microscope coupled to a PC with the image processing program ImageJ (ImageJ v. 1.42, available at http://rsb.info.nih.gov/ij). The COFECHA program (Holmes 1983 ) was used to evaluate the visual cross-dating for samples requiring annual resolution (originating from three selected sites of the biogeographical transect, in addition to those reported in Aguilera et al. 2011) . Each individual treering width series showed a decreasing growth trend, which was removed by fitting a straight line and keeping the residuals obtained by the difference of this linear fit. The residuals were subjected to autoregressive modelling to remove the first-order autocorrelation. Annually resolved isotope chronologies were produced by pooling dated growth rings from about five trees prior to the isotopic analyses.
A prerequisite for pooling was availability of tree-ring series reflecting consistent ring-width variation common to all trees. For this purpose, the quality of the average chronology for every site-species combination was examined by calculating the mean interseries correlation (â), the signal-to-noise ratio (SNR) and the expressed population signal (EPS) statistics according to Wigley et al. (1984) . Three site-species chronologies (Oliola, for both Q. faginea and Q. ilex, and Sant Sadurní d'Osormort, for Q. ilex) had low values of â, SNR and EPS, indicating a poor cross-dating for ring width. This could be due either to the influence of local factors such as micro-topography and competition (bearing in mind the limited amount of sampled trees) or to difficulties in the identification of rings in diffuse-porous species such as Q. ilex . These chronologies were therefore excluded from the analysis of isotope patterns at the temporal level. Finally, a total of eight chronologies were used (four chronologies of Q. humilis, three of Q. petraea and one of Q. ilex), which had the following average quality: â = 0.49 ± 0.02, SNR = 4.89 ± 0.20, EPS = 0.83 ± 0.03 (mean ± SD; n = 5 trees per chronology).
Stable isotope analyses A core fragment containing rings that spanned the period 1989-2008 (20 years) was selected for every tree sampled in 2009. The 20-year wood fragments were split from the original cores using a scalpel. They were used to characterize the spatial pattern of isotope signals along the biogeographical gradient. In addition, eight annually resolved isotope chronologies (see the previous section) were available for a period of 20 years (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) for the series reported in Aguilera et al. 2011; 1989 for the series obtained in this study). Every 20-year wood fragment corresponding to a particular tree, site and species or, alternatively, every set of rings of the same year from about five trees were purified to α-cellulose with a modification of the method of Leavitt and Danzer (1993) for the removal of extractives and lignin, as detailed in . Sodium hydroxide was used to obtain α-cellulose (Loader et al. 1997) , which was homogenized to a fine powder with a ball mixer mill (Retsch MM301, Haan, Germany).
For carbon isotope analysis, 0.30-0.40 mg of dry α-cellulose was weighed into tin foil capsules and combusted using a Flash EA-1112 elemental analyser (Thermo Fisher Scientific Inc., MA, USA) interfaced with a Finnigan MAT Delta C isotope ratio mass spectrometer (Thermo Fisher Scientific Inc.). For oxygen isotope analysis, 0.30-0.40 mg of dry α-cellulose was weighed into silver foil capsules and combusted using a Carlo Erba 1108 elemental analyser (Carlo Erba Instruments Ltd., Milan, Italy) interfaced with a Finnigan Deltaplus XP isotope ratio mass spectrometer (Thermo Fisher Scientific Inc.). Isotope ratios were expressed as per mil deviations using the δ notation relative to Vienna Pee Dee Belemnite standard (for carbon) and Vienna Standard Mean Ocean Water (for oxygen) standards. The accuracy of the analyses (SD of working standards) was 0.06‰ (δ 13 C) and 0.25‰ (δ 18 O).
To account for changes in δ 13 C of atmospheric CO 2 (δ 13 C air ), we calculated carbon isotope discrimination in cellulose (Δ 13 C) from δ 13 C air and α-cellulose δ 13 C (δ 13 C), as described by Farquhar and Richards (1984) :
(1) δ 13 C air was inferred by interpolating a range of data from Antarctic ice-core records, together with modern data from two Antarctic stations (Halley Bay and Palmer Station) of the CU-INSTAAR/NOAA-CMDL network for atmospheric CO 2 measurements, as first described in ; smoothed δ 13 C atm curve from 16,100 BCE to 2010, available at http:// web.udl.es/usuaris/x3845331/AIRCO2_LOESS.xls. According to these records, the δ 13 C air value applied to extant α-cellulose samples varied between −8.21 and −7.60‰. The isotope chronologies (either Δ 13 C or δ 18 O) exhibiting a linear trend over time were detrended by fitting a straight line and keeping the residuals of these linear fits as input for mixed modelling. There were three chronologies for Δ 13 C (the two chronologies from Sant Celoni II, with negative trends, and one chronology of Q. petraea from Banyoles of medium altitude, with a positive trend) and two for δ 18 O (one chronology of Q. petraea from Banyoles of low altitude, with a positive trend, and one chronology of Q. petraea from Banyoles of medium altitude, with a negative trend). For the rest of the chronologies, which did not show significant trends over time, each individual record was corrected by subtracting from the average value of its corresponding chronology in order to also obtain residual chronologies for mixed modelling. Therefore, mixed modelling focused on the analysis of interannual variability in isotopic signals.
Strategy for grouping isotopic records at spatial and temporal levels
We checked several grouping structures. At the temporal level, two different grouping strategies were tested: (i) a taxonomy-based strategy, by which chronologies from the same species were considered as a single group; and (ii) a site-based strategy, by which chronologies from the same site, irrespective of the species, were considered as a single group. In the first case, two groups were formed: Q. humilis (consisting of four chronologies) and Q. petraea (consisting of three chronologies). In the second, three groups emerged corresponding to three different sites: (i) Banyoles of low elevation (including Q. humilis and Q. petraea); (ii) Banyoles of medium elevation (including Q. humilis and Q. petraea); and (iii) Sant Celoni (including Q. humilis and Q. ilex). It is important to stress that each grouping strategy involved a particular set of chronologies, although five chronologies were used in both analyses.
At the spatial level, 10 oaks from each of the 21 available sites (and represented by their 20-year isotope averages) were classified into two groups, deciduous and evergreen.
This meant that oaks from the three deciduous species formed a single group across the biogeographical transect that was tested for coherence of its isotope signals against the group formed by the evergreen oaks (Q. ilex).
Meteorological data Estimates of monthly mean temperatures (minimum, mean and maximum) and total precipitation for each site were obtained from the Digital Climatic Atlas of the Iberian Peninsula (Ninyerola et al. 2005) , which provides averages for the period 1950-99 with a spatial resolution of 200 m. These records were used to infer the climatic sensitivity of isotopic signals across the biogeographical transect (i.e., at the spatial level). Annual meteorological records (monthly averages for minimum, mean and maximum temperature, and total monthly precipitation) covering the studied period were supplied by the Spanish National Meteorological Agency for the five sites in which annually resolved tree-ring chronologies were available. They were used to ascertain the relationships of tree-ring isotopes with climate at the temporal level. The records originated from the nearest meteorological station to each sampling point, located <15 km from the study sites. Wherever the altitude of the sampling site differed from that of the meteorological station, we applied the following correction (Gandullo 1994) : for temperature, a decrease of 0.6 °C per 100 m; for precipitation, an 8% increment per 100 m, except for July and August, when precipitation is mostly convective and not related to altitude. Climate records and isotope data were compared using simple correlations at both spatial and temporal levels.
Statistical analysis
In dendroclimatology and dendroecology, time series of treering features are averaged to produce 'chronologies' that reflect variability common to all trees at a particular site (Wigley et al. 1984) . A particular set of chronologies (i = 1, N) can thereafter be analysed together to characterize the strength of their common signal. Suppose that W ij is the jth observation (i.e., year) of a parameter W i , and that each W i reflects some controlling process by a particular tree-ring feature (i.e., carbon or oxygen stable isotope ratios) that may be obscured by noise that depends on both i and j. The estimators can be defined in terms of the following random model (random variables are shown underlined in this paper):
where Y j is a random time effect of the jth year and e ij is a random deviation of the ith chronology in the jth year. Here, we assume that the year effects behave as if they came from a normal distribution with mean zero and variance σ 2 Y . This means that observations made in the same year have a covariance, and so they are not independent. To quantify how strongly the chronologies (i = 1, N) are correlated, let us now consider the values that two chronologies, i and i*, can attain for a particular year, j. 
Here, a typical, but not obligatory, assumption in mixed modelling is to take the random effects belonging to different random terms, in our case Y j and e ij , as independent of each other (Demidenko 2004 ). This assumption may not necessarily hold for longitudinal data, and can be avoided by allowing for correlation of random effects in Eq. (3). However, the consequences of incorporating such correlation, disregarding parsimony, would need a detailed examination. Likewise, the variance of chronology i is
The intraclass correlation (or reproducibility of observations by chronologies i and i*) then becomes
If the whole set of N chronologies is analysed together, this parameter becomes the average correlation over all possible pairs of chronologies, excluding the N pairs i = i* for which r ii* = 1. This correlation is closely related to the mean interseries correlation parameter defined at the intrasite level, â, which is widely used in dendroclimatology and dendroecology (Wigley et al. 1984 ). We will refer to it as the mean interchronology correlation, â C . It estimates the strength of the common signal underlying the set of N chronologies. Unlike the classical ANOVA approach, mixed modelling is capable of dealing with partially overlapping chronologies, so unbalancedness is not a concern here if we consider the missing-data pattern as being completely random (see Little and Rubin 2002 for details). A natural variant of the model (Eq. (2)) arises if a set of trees (i = 1, N) is used across a number of sites to characterize the strength of tree-ring signals at the spatial level (signals are represented here by 20-year pooled isotopic values). In this case, W ij is the observation corresponding to the jth site of a parameter W i , but now the ith tree is nested to the jth site from where it originates. The model remains the same as in Eq. (2), but now Y j represents a random site effect of the jth site, and e ij is a random deviation of the ith tree of the jth site. We assume that the site effects behave as if they came from a normal distribution with mean zero and variance σ 2 S , so the intraclass correlation (Eq. (5)) still holds true by replacing σ 2 Y with σ 2 S .
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Such an alternative intraclass correlation will be referred to as spatial signal strength, â S . In this case, it estimates the strength of the common signal underlying a set of N trees that vary from site to site.
Mixed modelling for grouping chronologies (analysis of temporal variability)
In order to search for contributing causes of enhanced common variance for isotope signals among chronologies, these were grouped considering the two above-mentioned criteria: (i) taxonomy (with two groups, Q. humilis and Q. petraea); and (ii) species co-occurrence (with three groups corresponding to each one of three sites). If a random sample of chronologies is used for trait testing in each group, the resulting data may be regarded as a random stratified sample, with strata corresponding to groups. According to the theory of survey sampling (Kish 1965) , stratification is beneficial (i.e., it improves the accuracy of parameter estimates), provided there is heterogeneity between groups as defined by the factor(s) under evaluation. Now the estimators can be defined in terms of the following mixed model:
where μ r is the expected value in the rth group (if the chronologies are detrended or indexed, as in this study, this term vanishes but can be saved for further analysis), Y jr is a random time effect of the jth year in the rth group and e ijr is a random deviation of the ith chronology in the jth year within the rth group. The random deviation can be further partitioned as
where p _i(r) is a random effect of the ith chronology nested within the rth group and f ij(r) is a year-specific deviation. Both effects appearing in e ijr are assumed to be independent homoscedastic normal deviates with zero means; in particular, if the chronologies are detrended or indexed then the term p _i(r) has null variability (i.e., all chronologies share the same mean value).
In turn, the year effect may be further partitioned as:
where Y j is a main effect for the jth year and (YR) jr is the jrth year × group interaction, assuming that Y j and (YR) jr are independent homoscedastic normal deviates. This model corresponds to the standard ANOVA partition accommodating between-and within-group variability and has the so-called compound symmetry variance-covariance (VCOV) structure (Model M 1 ) for the variability among years: Alternative VCOV structures can also be fitted, but here we stuck to the aforementioned models as the number of groups tested in this work was quite limited (two to three), and thus additional extensions of the standard ANOVA partition (Eq. (8)) were deemed unnecessary. In turn, Models M 1 -M 5 can be enhanced in two ways: (i) by allowing the residual variance associated with f ij(r) to vary among groups; and (ii) by assuming a steady decay in correlation with increasing time between observations (i.e., accounting for non-independence of random deviates f ij(r) of Eq. (7)). The former represents a heteroscedastic variant of Models M 1 -M 4 (Model M 5 has no definition of groups). Homogeneity of residual variance is a main assumption of standard ANOVA, and conclusions on year × group interactions may not be appropriate if this assumption is not fulfilled. For the latter, we used an autoregressive model of order 1, with one extra correlation parameter in addition to the residual variance associated with f ij(r) in Eq. (7). The correlation between records from a particular chronology i in years j and j* is ρ |j-j * | as |ρ| < 1. The heteroscedastic variants of Models M 1 -M 4 were also tested for independent autoregressive structures at the group level, in association with the random deviates f ij(r) in Eq. (7). A detailed list of the different models is given in Table 2 .
Mixed modelling for grouping trees (analysis of spatial variability)
At the site level, we grouped trees into two classes (evergreen and deciduous), extending this classification to a number of J sites. Similar to the previous case of chronology grouping, we aimed at searching for contributing causes of enhanced common variance, but focusing on the organization of spatial rather than temporal isotope signals. Equations (5) and (7) are equally valid after replacing the year effect by a site effect j, and the chronology effect by a tree effect i. In turn, model residuals (as for Eq. (7)) appear from the deviation of the ith tree within the rjth group × site interaction. The heteroscedastic variants of Models M 1 -M 4 were also tested at the spatial level.
Model selection In mixed modelling, it is important to choose a random structure that combines sufficient flexibility with parsimony in the number of VCOV parameters. The adequacy of different VCOV models can be compared by computing the restricted log-likelihood for each model and deriving criteria such as Akaike's information criterion (AIC) and the Bayesian information criterion (BIC). Both involve a penalty for the number of parameters in the VCOV structure, which favours parsimonious models, but BIC generally penalizes a large number of parameters more strongly than does AIC (however, Barnett et al. (2010) have demonstrated that AIC may over-penalize the covariance parameters for complex structures). Both statistics are in the smaller-is-better form. We considered models with substantial support to be those in which the difference of either AIC or BIC between models was <2 (Raftery 1996, Burnham and Anderson 2002) . This difference corresponds to the information loss experienced when using an alternative model instead of the best-fit model for inference (Burnham and Anderson 2002) .
Estimation of signal-strength parameters
The intraclass correlation defined in Eq. (5) quantifies the degree to which the values of N chronologies (or trees) contain a common temporal (or spatial) signal. Models M 1 -M 4 allow for the estimation of intraclass correlations either at the intragroup or intergroup level. The underlying idea is to split the mean correlation estimated between all possible pairs of chronologies (trees) drawn from the whole dataset as in Eq. (5) into: (i) a mean correlation between pairs of chronologies (trees) for every group; and (ii) a mean correlation between pairs of chronologies (trees) for pairs of groups. For the more general M 3 (unstructured) model, the correlation of pairs of chronologies (trees) i and i* belonging to group r becomes Mixed modelling of isotope signals in dendroecology 827 Table 2 . Description of the models used for interpreting temporal and spatial patterns in isotope records according to the assignment of chronologies (for analysis at the temporal level) or trees within a site (for analysis at the spatial level) to pre-defined groups.
Model and interpretation
Covariance structure 
where N is the number of chronologies (trees) and â is the mean correlation at the temporal (â C ) or spatial (â S ) level. All analyses were performed with the MIXED procedure of SAS/STAT (ver. 9.3, SAS, Inc., Cary, NC, USA) using restricted maximum likelihood (REML) for estimation of variance components. The covariance structure for groups was specified using the RANDOM statement and the autoregressive structure was fitted using the REPEATED statement. Heterogeneity of residual variances across groups was implemented with the GROUP option of the REPEATED statement. Relationships between Δ 13 C and δ 18 O were not significant regardless of the species only if sites where evergreen and deciduous oaks co-occurred were considered. However, they became significant (negative) for Q. humilis and Q. petraea after including Banyoles (Sites 22, 23 and 24; Figure 2 ). For chronologies, the association between both isotopes was usually significant (negative), except for Q. humilis in Banyoles (a low-altitude site) and for Q. ilex in Sant Celoni (results not shown).
Results
Sources of variability in stable isotopes
Δ 13 C in Q. ilex
Model selection at the temporal level (grouping of chronologies)
The Δ 13 C and δ 18 O residuals that appeared after linear detrending of chronologies or, otherwise, simply differencing from the mean are displayed in Figure 3 . The common signal of the eight chronologies seemed much larger for Δ 13 C than for δ 18 O. This visual assessment was checked against mixed Table 1. modelling results by using the above-mentioned grouping strategies: taxonomy-and site-based. Table 3 shows the log-likelihood statistics for various VCOV structures. The AIC and BIC criteria applied to Δ 13 C pointed to the inadequacy of complex VCOV models to describe properly a taxonomybased grouping of chronologies (with groups Q. humilis and Q. petraea). In fact, the null model M 5 , which simply ignores the presence of groups, obtained better support (i.e., smaller AIC and BIC values), suggesting that common temporal patterns in Δ 13 C were independent of taxonomic affiliation of deciduous oaks. Conversely, the M 1 (compound symmetry) model with heteroscedastic error variances was clearly favoured for δ 18 O. In this case, the δ 18 O signal across years was species dependent, since the magnitude of residual variation (random deviations f ij (r) in Eq. (7)) was distinct for each species. A correction for serial autocorrelation was unnecessary for both isotopes.
The alternative, site-based classification of chronologies yielded different results for Δ 13 C (Table 3) . Here, the M 2 (heterogeneous compound symmetry) model provided the best fit, together with the heteroscedastic M 2 model. We favoured parsimony in the number of VCOV parameters; thus, M 2 was the model of choice. For δ 18 O, the M 1 heteroscedastic model was again the selected model, being slightly favoured over the M 2 heteroscedastic model ( Table 3 ). The preferred models for both isotopes benefited in this case from site-specific serial autocorrelation corrections, as suggested by decreases in AIC and BIC (results not shown).
Model selection at the spatial level (grouping of trees)
Oaks were grouped into two groups at the site level (deciduous and evergreen). This classification was extended to the total available number of sites (21). As three deciduous species were available, we checked for possible differences in their mean isotopic values (consisting of 20-year pooled tree rings) that could eventually inflate the common signal of trees for this group along the aridity transect. There were no significant differences between species for Δ 13 C or δ 18 O, hence avoiding a correction for shifts in mean isotopic values. Table 4 shows the log-likelihood statistics for VCOV models. The AIC and BIC criteria applied to Δ 13 C pointed to M 1 (compound symmetry) as the best explanatory model for differences in signal strength between groups. Although other models seemed also satisfactory (particularly the heteroscedastic M 1 ), we favoured parsimony in the number of VCOV parameters. In turn, M 4 (banded main diagonal) was the selected model for δ 18 O, being slightly favoured over M 3 (unstructured; Table 4 ). This model suggested a lack of relationship (i.e., lack of covariance) between δ 18 O signals stored in deciduous and evergreen oaks.
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Outcome of mixed models
Restricted maximum likelihood estimates of variance/ covariance components under the selected models are given in Table 5 . The analysis of temporal signals indicated that a taxonomy-based grouping was inadequate for identifying contrasting changes in Δ 13 C of Q. humilis and Q. petraea over years. Thus, year and residual variances common to all chronologies were estimated (null model M 5 ). These estimates produced a mean interchronology correlation (â C ) of 0.44 and an EPS of 0.85. In the case of δ 18 O, the compound symmetry (M 1 ) model with heteroscedastic residuals gave a threefold higher residual variance for Q. petraea than for Q. humilis. Accordingly, Q. humilis had substantially higher â C and EPS values than Q. petraea, although these values were lower than those for Δ 13 C. The intergroup mean correlation, â C , was higher than the intragroup estimate for Q. petraea, which pointed to a weak signal shared by the chronologies of this species.
A site-based grouping of chronologies identified the M 2 (heterogeneous compound symmetry) model, with different variances for each group, as the model of choice for Δ 13 C. The largest common variance corresponded to the group of chronologies originating from the low-altitude Banyoles site; hence, it provided the highest â C and EPS values (Table 5) . Also, the medium-altitude Banyoles site had relatively high â C and EPS values. Chronologies of these sites corresponded to deciduous Q. humilis and Q. petraea and, in fact, the combined â C of both sites was also very high (0.60), indicating a strong coherence associated with geographical proximity. On the other hand, the synchronicity between chronologies in Sant Celoni II was very weak, in clear disagreement with the Banyoles results. In Sant Celoni II, evergreen (Q. ilex) and deciduous (Q. humilis) oaks were represented, and genetic differences producing contrasting Δ 13 C values could be involved. For δ 18 O, the compound symmetry (M 1 ) model with heteroscedastic residuals provided very contrasting residual variances (low for Sant Celoni II, high for Banyoles sites). They translated into very different â C and EPS values, with a relatively high synchronicity between chronologies of Sant Celoni II, an opposite trend to that observed for Δ 13 C. Overall, signal-strength parameters (â C and EPS) were higher for Δ 13 C than for δ 18 O, regardless of the grouping structure used for estimating VCOV parameters. The analysis of spatial signals provided REML estimates of variance/covariance parameters, as shown in Table 4 . For Δ 13 C, the compound symmetry M 1 model pointed to a similar signal strength of deciduous and evergreen oaks across sites. However, the site variance was low compared with the residual variance and, therefore, â S values were <0.3. According to dendrochronology standards, about 16 trees per site would be necessary to achieve an EPS of good quality (i.e., ≥0.85), although this parameter should be interpreted flexibly in the context of typifying spatial signals. In any case, the common signal strength between deciduous and evergreen oaks was much weaker (â S = 0.112). For δ 18 O, the narrow evaluation (M 4 ) model pointed to the lack of a common spatial signal between deciduous and evergreen oaks. Evergreen and deciduous oaks therefore bore totally unrelated information. However, the spatial signal (â S ) in δ 18 O for a given species was higher than that for Δ 13 C (particularly for Q. ilex), which provided EPS values close to or higher than 0.85.
Relationships with climate
The outcome of the selected VCOV structures provided a guideline for investigating the influence of climate factors on isotope ratios. For Δ 13 C, the deciduous oak chronologies shared a strong signal that was unrelated to that of Q. ilex. Accordingly, the relationships of stable isotopes with climate were assessed separately for these two groups, which showed distinct monthly sensitivities to climate (Figure 4 ). In particular, maximum temperatures in July were significantly related (negatively) to Δ 13 C in deciduous oaks, while a significant negative relationship between Δ 13 C and minimum temperatures of November of the previous year was detected for Q. ilex. There were also positive relationships between Δ 13 C and either June precipitation (for deciduous oaks) or September precipitation (for Q. ilex), and negative relationships between Δ 13 C and precipitation of both November of the previous year and August (for Q. ilex) . For δ 18 O, the signal shared by Q. petraea chronologies was negligible, while Sant Celoni chronologies (Q. ilex and Q. humilis) on one hand, and Q. humilis chronologies from Banyoles sites on the other hand, had relatively high common signals. Based on these results, relationships with climate were assessed separately for the latter two groups only (Figure 4) . For Sant Celoni, δ 18 O was related (positively) to September temperatures, whereas there was a strong negative relationship between δ 18 O and June precipitation for Banyoles.
At the spatial level, mixed modelling reported contrasting patterns of geographical variation for both Δ 13 C and δ 18 O between evergreen (Q. ilex) and deciduous oaks along the aridity transect. Therefore, relationships with temperature and precipitation were obtained independently for each taxonomic group ( Figure 5 ). For Δ 13 C, Q. ilex showed a strong spatial temperature signal, since temperature-Δ 13 C associations were positive and mostly significant throughout the year (with the exception of maximum temperature during spring and summer). Also, Q. ilex showed positive relationships between Δ 13 C and both March and September-October precipitation. Conversely, deciduous oaks were spatially sensitive only to precipitation, with positive relationships with Δ 13 C in spring (April-May). For δ 18 O, Q. ilex also showed a strong spatial signal of temperature (especially with maximum temperature), with positive relationships for most of the year (except for winter). Conversely, the deciduous oaks showed a positive (significant) relationship with maximum temperature only for July. Quercus ilex also displayed a negative spatial relationship between δ 18 O and May precipitation, whereas the deciduous oaks were overall more sensitive to precipitation, with negative relationships with δ 18 O in autumn, winter and early spring.
Discussion
Mixed models unravel the complexities of tree-ring signals in stable isotopes
The interpretation of complex temporal patterns in tree-ring records has traditionally relied on the application of the 'mean correlation technique' (Wigley et al. 1984, Briffa and Jones 1990) , which uses the mean correlation calculated between all possible pairs of chronologies drawn from a group to quantify their common signal. In turn, between-group signals can be obtained by calculating the mean correlation derived from all possible between-group pairs of chronologies. Examples involving dendro-isotope data can be found in McCarroll and Pawellek (1998) , Saurer et al. (2008) and Esper et al. (2010) .
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Overall, this scheme is roughly equivalent to our unstructured mixed model (M 3 ) for the variability among years, but other less complex settings may describe the relationships between chronologies more plausibly. In fact, in mixed modelling the model of choice depends on the particular structure and statistical properties of the dataset. This approach of analysing coherence in tree-ring networks can be regarded as complementary to multivariate methods such as principal component or cluster analysis, which allow for the identification of homogeneous subsets of chronologies (Treydte et al. 2007) but without testing on possible processes underlying patterns of signal strength. Conversely, the REML analysis, grounded on the mixed-model theory, allows estimating common signals in tree-ring records by testing for different group and error covariance structures required for characterizing the correlations in the dataset. Another major advantage over multivariate techniques is that mixed modelling is capable of dealing with unbalanced datasets (e.g., partially overlapping chronologies) in a straightforward manner.
Mixed modelling of temporal tree-ring patterns pointed to the suitability of the simple compound symmetry structure (M 1 ) for explaining variability in δ 18 O, but only after allowing for heterogeneity of residual variances, either at the species or site level. Conversely, alternative models fitted Δ 13 C chronologies better: a heterogeneous compound symmetry structure (M 2 ) for site-based grouping and the simplest broad evaluation structure (M 5 ) identified for taxonomy-based grouping. Such an array of selected models highlights the need to understand the complexities in the data in testing and characterizing the nature of common signals shared by a set of chronologies.
The flexibility of mixed models proved equally useful for the investigation of spatial signals stored in tree-ring isotopes. Traditionally, these signals have been considered to be essentially independent among species (Ferrio et al. 2003 , Leavitt et al. 2010 . Here, the model for independence of δ 18 O signals between evergreen and deciduous oaks (M 4 ) was slightly favoured over alternative variance-covariance structures. This was not the case for Δ 13 C records, which showed a common (albeit low) spatial signal shared by both groups, as suggested by the preferred compound symmetry (M 1 ) model. This contrasting choice of models was somewhat anticipated by the lack of spatial associations observed between Δ 13 C and δ 18 O at the species level (if the more humid Banyoles sites, where Q. ilex was absent, were excluded from the correlation analysis; cf. Figure 2) , suggesting that the physiological drivers of carbon and oxygen isotopes did not coincide along the aridity transect. . Mean (±SD) correlation coefficients calculated between carbon (Δ 13 C) (a-c) and oxygen (δ 18 O) stable isotope chronologies (d-f) and monthly climate variables (maximum and minimum temperature, precipitation). The horizontal lines indicate the threshold for correlations significant at P ≤ 0.05 (n = 20 years). Lower case indicates months of the year prior to tree growth; upper case indicates current-year months. For Δ 13 C, the number of chronologies involved in the correlation analysis was seven (for deciduous oaks) and one (for Q. ilex). For δ 18 O, the number of chronologies involved in the analysis was three (for Q. humilis at Banyoles sites) and two (for Q. humilis and Q. ilex at the Sant Celoni II site).
Structure and strength of spatiotemporal isotope signals in Mediterranean oaks
The high temporal Δ 13 C signal strength for deciduous oaks (the nemoro-Mediterranean Q. humilis and the nemoral Q. petraea) was the consequence of a strong interannual coherence between chronologies, irrespective of taxonomy or site. In other words, the correlation between chronologies of cooccurring deciduous oaks was similar to the intersite correlation for chronologies of the same or different species. Thus, the combination of chronologies across sites gave EPS values of acceptable statistical quality (0.85; n = 7). Similar results have been reported at temperate (Hemming et al. 1998 , Saurer et al. 2008 ) and high-latitude sites (McCarroll and Pawellek 1998) by combining chronologies from different sets of species. Conversely, the only available Q. ilex chronology was unrelated to any other chronology, either from the same site or from other sites. This realization points out that Mediterranean deciduous and evergreen oaks constitute two clearly differentiated functional groups, despite co-existing along a wide range of environments (Damesin et al. 1998, Mediavilla and Escudero 2010) .
On the contrary, the annually resolved δ 18 O chronologies showed much less similarity to each other compared with that for Δ 13 C, despite the presence of significant (negative) interannual correlations between both isotopes. Nevertheless, both taxonomic (for Q. humilis) and site imprints (for Sant Celoni II; the most xeric site with available chronologies) were detected for δ 18 O, although EPS values were always lower than for Δ 13 C. Saurer et al. (2008) also reported more robust signals for Δ 13 C than for δ 18 O across temperate sites from Switzerland. Carbon and oxygen stable isotopes are partially linked through effects at the leaf level that are mediated through variation in stomatal conductance related to moisture conditions (precipitation and relative humidity; Scheidegger et al. 2000) . However, different sources and fractionation processes may override, to varying degrees, the presence of co-ordinated isotopic signals (Saurer et al. 2003, Roden and Farquhar 2012) . Altogether, these results point to the existence of more complex drivers of temporal δ 18 O signals in Mediterranean oaks compared with Δ 13 C.
In clear contrast to the aforementioned temporal patterns, the examination of spatial signals through mixed modelling indicated a stronger coherence at the species level (i.e., higher â S and EPS statistics) in δ 18 O variation between trees across sites compared with Δ 13 C. This suggests that temporal and spatial variability in external factors (e.g., climate forcing) have a different impact on tree-ring Δ 13 C (with higher temporal coherence) and δ 18 O (with higher spatial coherence) in either deciduous or evergreen Mediterranean oaks.
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Figure 5. Correlation coefficients calculated between carbon (Δ 13 C) (a-c) and oxygen (δ 18 O) spatial records (d-f) and monthly meteorological parameters (maximum and minimum temperature, precipitation). The horizontal lines indicate the threshold for correlations significant at P ≤ 0.05 (n = 21 sites for both deciduous Quercus and Q. ilex).
In water-limited environments, Δ 13 C in tree rings can be mostly explained by the stomatal regulation of CO 2 fluxes into the leaf, integrating any environmental variable related to stomatal conductance (Warren et al. 2001 , Ferrio et al. 2003 , Gessler et al. 2009 ). However, it is also affected by changes in photosynthetic activity derived from irradiance, nutritional stresses or phenology when water becomes non-limiting (Yakir and Israeli 1995 , Livingston et al. 1998 , Ferrio et al. 2003 . On the other hand, the signal of δ 18 O in tree rings is primarily defined by leaf-level processes, being responsive to stomatal conductance, but not to photosynthetic activity Lloyd 1993, Yakir and Israeli 1995) . Since δ 18 O is not sensitive to photosynthetic activity, it has the potential to discriminate between both sources of variation in Δ 13 C Israeli 1995, Scheidegger et al. 2000) .
However, this dual-isotope model, which has proved to be useful for interpreting tree-ring records, is not always applicable. On one hand, the leaf-level signal of δ 18 O responds to variations in relative humidity in a way that is partly independent of stomatal conductance (Roden and Farquhar 2012) . On the other hand, the δ 18 O of tree-ring cellulose also reflects variability in source water, to a degree that could be variable during the growing season (Offermann et al. 2011 , Sarris et al. 2013 . The presence of a source-water signature in the δ 18 O of wood could explain the strong site-specific signal found in this study (Radoglou 1996 , David et al. 2007 , Mediavilla and Escudero 2010 , but this geographical imprint can be modulated by interspecific differences in water uptake (see, e.g., Moreno- Gutiérrez et al. 2012) , as also suggested by the contrasting δ 18 O patterns observed between deciduous and evergreen oaks.
Below-ground niche segregation, as a means of reducing competition for water resources, might facilitate the coexistence of evergreen and deciduous oaks, as has been described in other Mediterranean mixed stands (see, e.g., David et al. 2007 , Klein et al. 2013 , but this possibility needs further examination. Yet, it is somewhat surprising that the relatively low range of intraspecific variation found in δ 18 O across sites (<2‰) led to a more consistent spatial signal (i.e., higher â S ) for both evergreen and deciduous oaks than that associated with Δ 13 C. In fact, Δ 13 C showed a high intraspecific variation across sites, representing a near 20% divergence among extreme sites in intrinsic water-use efficiency (Farquhar and Richards 1984) .
Such a relatively low spatial coherence of tree-ring Δ 13 C records at the species level does not seem to preclude the use of spatially explicit models of carbon isotope distribution to infer climatic trends (e.g., Leavitt et al. 2007) , provided the assumption of a common climatic signal based on customary thresholds (i.e., SNR, EPS) is relaxed. These models have also involved Mediterranean oaks such as the evergreen Q. ilex (Aguilera et al. 2009 , del Castillo et al. 2013 . Overall, spatiotemporal changes in both isotopes seemed strongly dependent on the particular functional imprints of evergreen and deciduous oaks. This is not as clearly observed in temperate regions, where the coherence of spatiotemporal signals seems fairly species independent (e.g., Hemming et al. 1998 , Saurer et al. 2012 . Altogether, the outcome of the selected VCOV structures suggested investigating the influence of climate factors on stable isotope ratios separately for evergreen and deciduous oaks.
Climate drivers of temporal variation in stable isotopes
The EPS statistic of Δ 13 C of deciduous oaks was in the range of previously reported individual chronologies made up of four to six trees (e.g., 0.80-0.90, Gagen et al. 2004; 0.90, Kirdyanov et al. 2008 ). This result is noteworthy since it was obtained by combining chronologies of limited length (20 years) from different sites and oak species (Q. humilis and Q. petraea). It suggests a strong climate signal driving changes in Δ 13 C. In particular, Δ 13 C was positively related to precipitation of early summer (June). It is known that the phenological activity of Mediterranean deciduous oaks during summer is almost ceased compared with that of the evergreen Q. ilex (Montserrat-Martí et al. 2009 ). Thus, a rainy late spring-early summer may entail optimal conditions for secondary growth imprinting on tree-ring Δ 13 C.
Conversely, high temperatures in July are likely to reduce stomatal conductance, leading to a decrease in Δ 13 C and increased water-use efficiency. These relationships with climate elements determining water availability agree with the effect of water status on Δ 13 C reported for other species in droughtprone environments (Damesin et al. 1997 , Warren et al. 2001 , Ferrio et al. 2003 . Also, these associations with both precipitation and temperature are in line with the negative correlation between δ 18 O and precipitation observed in June, in agreement with earlier works reporting similar relationships for deciduous oaks (Raffalli-Delerce et al. 2004 .
In the present study, the low relative humidity of summer (typical of the Mediterranean climate), linked to low precipitation and high temperatures, would cause an increase in leaf water enrichment, which is not only reflected in δ 18 O, but also in Δ 13 C (Roden et al. 2000, McCarroll and Loader 2004) . Altogether, our results confirm the existence of shared temporal responses to climate in two deciduous oaks, Q. humilis and Q. petraea, which can be found under relatively humid subMediterranean conditions.
On the other hand, climate variables imprinting on Δ 13 C for Q. ilex were basically unrelated to those for deciduous oaks, with the exception of July temperatures. March precipitation and September precipitation, especially, were associated with high Δ 13 C. This result indicates a temporal agreement of Δ 13 C signals with the bimodal pattern of secondary growth in Q. ilex (Gutiérrez et al. 2011 ) and the two peaks of precipitation (early spring and early summer) in the western Mediterranean, which supports the dependence of Q. ilex, a deep-rooted species with very effective water uptake, on the seasonal recharge of groundwater reservoirs (Ferrio et al. 2003 , Aguilera et al. 2009 , Klein et al. 2013 . In this regard, the imprint of March and September temperatures on δ 18 O through leaf water enrichment processes also highlights such a pattern of wood deposition in this species.
The negative association between Δ 13 C and August precipitation could be explained by the early restitution of secondary growth in wet but still warm late summers (Gutiérrez et al. 2011) , which could imprint wood with low Δ 13 C values. Finally, negative associations with precipitation and minimum temperature of November of the previous year might suggest mobilization of carbohydrate reserves synthesized in autumns with very favourable (warm and wet) conditions for tree functioning, one of the most active periods for evergreen oaks Escudero 2010, Klein et al. 2013 ). Indeed, low Δ 13 C of current-year wood has been associated with mobilization of previous-year starch reserves (Kozlowski et al. 1991) , which are relatively more 13 C-enriched than freshly produced assimilates for wood production (Helle and Schleser 2004) .
Climate drivers of spatial variation in stable isotopes
The evergreen Q. ilex showed a strong spatial dependence on temperature for both isotopes that was linked to the double climate stress typical of Mediterranean environments (summer drought and winter cold). Limitations exerted by low temperatures on the effective vegetative period at cold (i.e., continental) sites are reflected in low Δ 13 C values, since trees are obliged to concentrate their photosynthetic activity in warmer and more drought-prone months. Besides, high temperatures associated with high evaporative demand and water stress, especially in spring-summer, are reflected in high δ 18 O records. Such a temperature imprint on carbon and oxygen stable isotopes is more clearly observed in the spatial signal recorded along the aridity transect than in the annually resolved chronologies, probably because the latter originate from coastal, mild sites lacking a strong influence of winter cold.
On the other hand, spatial associations with precipitation (basically for Δ 13 C) were restricted to months of groundwater recharge (autumn and late winter), which again is consistent with the assumption that Q. ilex relies mostly on groundwater to thrive in drought-prone environments (Ferrio et al. 2003 , Aguilera et al. 2009 , Klein et al. 2013 ). In addition to using groundwater during summer, the strong response to autumnwinter precipitation could be due to the fact that Q. ilex can be particularly active during this period, taking advantage of increased water availability, as long as temperatures are still warm (Radoglou 1996 , Mediavilla and Escudero 2010 , Klein et al. 2013 .
Climate drivers of variability in stable isotopes for deciduous oaks were different: they showed more consistent responses to precipitation, not only across the aridity transect, but also at the temporal (interannual) scale (see above). For Δ 13 C, there was a lagged response to early-season precipitation in deciduous oaks compared with Q. ilex, hence reflecting phenological differences in the onset of cambium activity (Liphschitz and Lev-Yadun 1986) . For δ 18 O, a strong negative effect of the amount of soil recharge (autumn and winter) was observed along the transect. This might be associated with partly different strategies of water uptake between deciduous and evergreen oaks, pointing to a stronger reliance on groundwater in deciduous species, since they have fewer alternative mechanisms to cope with drought (Damesin et al. 1998 , David et al. 2007 . Whereas for deciduous oaks autumn conditions mainly have an indirect effect (through groundwater recharge) on the signature of wood formed in the following year, in the case of evergreen oaks the extension of radial growth over autumnwinter (Gutiérrez et al. 2011 ) also causes a (direct) response to climate drivers during this period.
Conclusions
This paper provides new information on the ecophysiological performance of Mediterranean oaks using spatiotemporal isotope signals stored in tree rings. Through mixed modelling, we unveiled large differences between deciduous and evergreen Quercus species in the organization of their temporal and spatial isotope signals. Climate factors impacted differentially on isotope records at both taxonomic and geographical levels, most likely through contrasting interspecific physiological adaptations and phenotypic plasticity linked to phenology and wood growth , De Micco et al. 2008 , Montserrat-Martí et al. 2009 ).
On one hand, the evergreen Q. ilex exhibited a clear spatial dependence of isotopic signals on the temperature regime, likely related to the effective length of its vegetative period in autumn-winter and the incidence of drought in summer. On the other hand, the water and carbon economies of deciduous oaks (Q. faginea, Q. humilis and Q. petraea) showed a more marked dependence on precipitation along the aridity transect, confirming their higher susceptibility to drought in the western Mediterranean. Such contrasting responses to drought among deciduous and evergreen oaks were also observed at an interannual scale, with stronger associations with growing-season water availability in deciduous oaks than in the evergreen Q. ilex. The latter, in contrast, was found to rely mainly on the seasonal recharge of groundwater reservoirs. Conversely, the nemoroMediterranean Q. humilis and the nemoral Q. petraea deciduous oaks, co-occurring under relatively humid sub-Mediterranean conditions, shared common temporal responses to climate, showing a similar sensitivity to changes in water availability.
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